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The  nucleus  of  the  thorium  229  isotope  possesses  a  first  excited  nuclear  state  (229mTh)  at  an 
exceptionally  low  energy  of  7.8  +  0.5  eV  above  the  nuclear  ground  state  (229gTh),  as  determined  by 
earlier  indirect  measurements.  This  is  the  only  nuclear  excited  state  known  that  is  within  the  range  of 
optical  spectroscopy.  This  paper  reports  progress  toward  detecting  the  229mTh  state  directly  by 
luminescence  spectroscopy  in  the  vacuum  ultraviolet  spectral  region.  The  estimated  natural  linewidth 
of  the  229gTh  <->  229mTh  isomer  transition  of27tx0.1  to27ixlO  mHz  is  expected  to  broaden  to  ~  1 0  kHz 
for  229Th4+  doped  into  a  suitable  crystal.  The  factors  governing  the  choice  of  crystal  system  and  the 
substantial  challenges  in  acquiring  a  sufficiently  large  quantity  of  229Th  are  discussed.  We  show  that  the 
229gTh-M229mTh  transition  energy  can  be  identified  to  within  0.1  nm  by  luminescence  excitation  and 
luminescence  spectroscopy  using  the  Advanced  Light  Source  (ALS)  at  Lawrence  Berkeley  National 
Laboratory.  This  would  open  the  door  for  subsequent  laser  based  measurements  of  the  isomer 
transition  and  future  applications  of  229Th  in  nuclear  clocks.  We  also  show  that  233U  doped  materials 
should  produce  an  intrinsic,  continuous,  and  sufficiently  high  rate  of  229mTh -►  229gTh  luminescence  and 
could  be  a  useful  aid  in  the  initial  direct  search  of  the  isomer  transition. 

Published  by  Elsevier  B.V. 


1.  Introduction 

Optical  absorption  and  emission  phenomena  are  commonly 
associated  with  excitation  and  relaxation  processes  of  the  elec 
tronic  and/or  vibrational  systems  of  a  material.  The  respective 
electromagnetic  radiation  is  non  ionizing  and  involves  the  ultra 
violet,  visible,  and  infrared  spectral  regions.  In  contrast,  excitation 
and  relaxation  processes  in  atomic  nuclei  occur  at  much  higher 
energies  and  involve  ionizing  radiation  in  the  X  ray  and  gamma 
ray  regions.  Nuclear  energy  levels  are  spaced  by  many  keV,  and 
even  the  lowest  nuclear  excited  state  energy  is  usually  much 
greater  than  1  keV  [1  ].  There  are  only  two  known  exceptions:  the 
first  nuclear  excited  state  of  235U  is  at  76.5  eV  (2=16.2  nm)  and 
that  of  229Th  is  at  7.8  eV  (2=159  nm)  [1  ].  This  makes  229Th  special 
among  all  isotopes,  as  its  first  nuclear  excited  state  is  within  the 
reach  of  optical  spectroscopy  [2,3].  The  natural  spectral  linewidth, 
Fn,  of  the  transition  between  the  nuclear  ground  state  (229gTh) 
and  first  exited  state  (229mTh)  has  been  predicted  to  be  between 
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2n  x  0.1  and  27t  x  10  mHz  [2  4]  and  to  broaden  to  ~10  kHz  when 
229Th  is  doped  into  a  suitable  crystal  [5].  The  prospect  of  having 
such  a  narrow  nuclear  transition  within  the  reach  of  modern 
laser  technology  has  spurred  substantial  interest  from  both 
fundamental  and  applied  research  communities  in  recent  years. 
One  exciting  potential  application  is  the  use  of  229Th  to  create 
a  time  standard  by  locking  a  femtosecond  laser  comb  to  the 
229gTh 229mTh  transition.  Such  a  highly  stable  oscillator  could 
enable  a  “nuclear  clock”  with  a  precision  far  exceeding  that  of  the 
current  best  atomic  clocks  and  allowing,  for  example,  tests  of 
general  relativity  and  measurements  of  the  variability  of  funda 
mental  constants  [6]. 

The  7.8  eV  energy  of  the  229gTh <-> 229mTh  transition  has  been 
inferred  only  indirectly  by  high  resolution  gamma  ray  spectro 
scopy  [7,16].  The  next  necessary  step  is  to  observe  the  transition 
directly  by  optical  spectroscopy  and  to  determine  the  transition 
energy  with  high  precision.  This  however  proves  to  be  challenging 
because  of  the  rarity  of  the  229Th  isotope,  the  short  optical 
wavelength  involved,  and  the  low  transition  oscillator  strength. 
This  paper  reviews  the  properties  of  229Th  and  reports  on  our 
experiments  toward  observing  the  229Th  isomer  transition 
directly  by  luminescence  spectroscopy. 
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2.  The  229Th  isomer  state  a  brief  review 

Nuclear  excited  states  typically  decay  within  sub  nanoseconds 
to  lower  energy  states.  States  with  a  decay  constant  greater  than 
10  9  s  are  considered  metastable.  They  are  referred  to  as  nuclear 
isomers  and  the  associated  transitions  to  the  ground  state  as 
isomer  transitions.  229mTh  has  a  lifetime  on  the  order  of  hours  and 
falls  in  this  class  of  metastable  nuclear  excited  states.  Fig.  1 
illustrates  the  lowest  few  nuclear  energy  levels  of  229Th  and,  in 
particular,  the  229gTh  ground  state  (/It=5/2  +  )  and  229mTh  first 
excited  state  (/7r=3/2  +  )  that  are  of  interest  here  [7].  Kroger  and 
Reich  first  proposed  a  low  energy  nuclear  excited  state  in  229Th 
35  years  ago  [8].  An  indirect  measurement  by  Helmer  and  Reich 
in  1994  estimated  the  229mxh  energy  to  be  3.5  +  1.0  eV  [9].  The 
corresponding  emission  around  354  nm  however  could  not  be 
detected  by  several  subsequent  studies  [10  13],  Beck  et  al. 
reported  a  more  precise  indirect  measurement  in  2007  [7].  They 
used  a  254  pm  thick  electroplated  film  of  233U  to  populate  the 
229Th  nuclear  energy  levels  via  233U-»229Th+4He.  The  resulting 
gammas  (see  Fig.  1)  were  analyzed  using  the  high  resolution 
X  ray  spectrometer  at  the  National  Aeronautics  and  Space  Admin 
istration  (NASA),  which  consists  of  a  6  x  6  microcalorimeter  array 
and  offers  a  spectral  resolution  of  ~26eV  (FWHM)  at  a  90  ml< 
operating  temperature  [14,15].  A  differencing  technique  was 
applied  to  place  the  229mTh  energy  at  7.6  +  0.5  eV  [7[.  This  value 
was  updated  to  the  currently  accepted  7.8  +  0.5  eV  as  a  result  of 
including  the  42.43 -»229mTh  branching  ratio  in  the  analysis  [16]. 
This  energy  may  also  explain  the  failure  of  earlier  studies  to 
detect  the  emission  from  229mTh  because  of  the  unique  and 
difficult  experimental  challenges  with  seeing  the  corresponding 
159  nm  light  in  the  vacuum  ultraviolet,  a  spectral  range  where 
many  optical  window  materials  absorb  strongly  and  detectors 
may  not  be  sensitive. 

The  natural  linewidth,  Tn,  of  the  229gTh  <->  229mTh  transition  is 
estimated  to  be  between  2n  x  0.1  and  2n  x  10  mHz  [2  4[.  Addi 
tional  interactions  have  to  be  considered  when  doping  229Th  into 
a  solid.  The  Hamiltonian  for  the  229Th  nucleus  consists  of  a  single 
particle  term  (Ho),  a  fine  structure  term  (Hfs),  and  a  hyperfine 
term  ( Hhfs )  [5[.  In  the  absence  of  unpaired  electrons,  such  as 
when  doping  229Th4+  into  an  ionic  crystal,  the  fine  structure  term 
vanishes  and  we  are  concerned  only  with  HHfs-  We  have  carefully 
analyzed  the  first  three  terms  of  the  multipole  expansion  of 
Hhfs  =  HEo+HM\+He2+  ■  ■  ■  [5]-  They  are  an  electric  monopole 
term  (HE0),  a  magnetic  dipole  term  (HM1),  and  an  electric 


quadrupole  term  (Hh).  The  combined  effects  of  these  interactions 
in  a  solid  manifest  as  both  shifts  in  and  spectral  broadening  of  the 
229gTh « 229mTh  transition.  We  estimate  that  HE0  dominates  the 
temperature  dependent  shift  and  HE2  dominates  the  broadening 
of  the  transition.  The  magnitude  of  the  HE0  interaction  depends  on 
the  temperature  gradient  across  the  sample,  and  it  will  contribute 
~1  Hz  to  the  linewidth  for  temperature  gradients  of  <0.1  mK. 
The  He 2  interaction  is  sensitive  to  the  crystal  structure,  and  its 
magnitude  is  minimized  for  host  crystals  with  cubic  or  icosahe 
dral  symmetry  [17].  It  is  further  minimized  if  all  229Th4+  ions 
substitute  for  the  same  crystallographic  site  in  a  crystal,  i.e. 
inhomogeneous  broadening  is  minimized.  HE2  is  expected  to 
cause  1  10  kHz  of  broadening.  Nevertheless,  even  when  doped 
into  a  solid,  the  Q  factor  (//A/)  of  the  229Th  isomer  transition  is 
still  large  compared  to  any  electronic  transition. 

3.  Discussion  of  ongoing  experiments 

3.1.  Acquisition  of  229Th 

Thorium  is  an  actinide  element,  and  the  most  abundant 
isotope  is  232Th  with  a  half  life  of  1.4  x  1010  years  [1  ].  In  contrast, 
the  A  =  229  isotope  of  thorium  has  no  natural  abundance  and  is 
produced  almost  exclusively  by  the  a  decay  of  233U  (1.592  x  105 
years  half  life  [1  ]),  which  is  in  itself  rare  and  highly  controlled  as  a 
Special  Nuclear  Material.  The  229Th  isotope  has  a  half  life  of  7880 
years  and  decays  exclusively  by  a  decay  to  225Ra  [1[.  229Th  is 
therefore  extraordinarily  difficult  to  acquire  in  any  useful  quan 
tity.  This  represents  the  single  greatest  obstacle  for  advancing  any 
studies  and  applications  of  the  229Th  isomer.  A  viable  yet  highly 
complex  route  is  the  chemical  extraction  of  229Th  from  decades 
old  233U  samples,  in  which  the  a  decay  has  produced  a  worth 
while  quantity  of  229Th.  A  50  year  old  233U  sample,  for  example, 
will  have  acquired  ~300ppm  of  229Th  by  a  decay  of  233U. 
Processing  1  kg  of  such  old  233U  would  yield  ~300  mg  of  229Th, 
enough  to  dope  almost  100  crystals  of  1  cm3  volume  with  an  ion 
density  of  1019  229Th  nuclei/cm3  (assuming  100%  yield).  The 
process  would  involve  dissolving  the  233U  in  acid,  performing 
ion  exchange  to  extract  the  229Th  from  the  solution,  recovering 
and  reconverting  the  excess  233U  for  storage,  eluting  the  229Th 
from  the  ion  exchange  column,  and  converting  it  to  229ThF4  for 
use  in  subsequent  fluoride  crystal  growth. 

3.2.  229Th  doped  crystals 


229mfh 


,229irrh 


Fig.  1.  Partial  energy  level  scheme  of  the  nuclear  states  of  229Th,  adapted  from 
Beck  et  al.  [ 7 ]  in  units  of  keV.  Beck  et  al.  measured  the  transition  energies 
indicated  in  the  left  scheme  and  derived  an  energy  of  7.8  +  0.5  eV  for  the  nuclear 
isomer  state  [7,16],  The  scheme  on  the  right  shows  the  nuclear  ground  state 
(229gTh)  and  the  isomer  state  (229mTh)  along  with  the  associated  isomer  transitions 
in  absorption  and  luminescence  relevant  to  the  present  discussion. 


We  have  shown  in  Section  2  that  the  229gTh  <->  229mTh  transi 
tion  retains  much  of  its  “free  atom”  properties  even  when  229Th  is 
exposed  to  the  various  interactions  present  in  a  crystalline  solid. 
This  gives  us  confidence  that  a  229Th  doped  crystal  can  be  used 
for  the  direct  measurement  of  the  isomer  transition.  This  is 
critical,  because  a  doped  crystal  can  offer  229Th  densities  on  the 
order  of  1019  229Th  nuclei/cm3,  which  is  much  greater  than  the 
<  108  229Th  nuclei  that  can  be  trapped  by  laser  cooling  of  229Th 
atoms  [6,18].  As  a  result,  absorption  and  emission  rates  for  the 
229gTh  « 229mTh  transition  can  be  much  higher  in  a  229Th  doped 
crystal  and  thus  greatly  facilitate  the  direct  observation  of  the 
transition. 

Several  factors  guide  the  choice  of  crystalline  host  for  229Th. 
First,  the  crystal  has  to  be  sufficiently  transparent  in  the  vacuum 
ultraviolet  spectral  region  so  that  the  229Th  ions  can  be  excited  by 
an  external  light  source  and  the  229mTh->229gTh  luminescence  can 
emerge  from  the  crystal.  The  band  gap  energy  is  to  a  large  extent 
determined  by,  A EN,  the  difference  in  the  Pauling  electronegativ 
ity  of  the  cation  and  anion.  Fig.  2  shows  the  band  gap  energy  as  a 
function  of  A  EN  for  a  wide  range  of  binary  metal  oxides,  metal 
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AEN 


Fig.  2.  Band  gap  energies  of  a  range  of  oxide  and  halide  materials  as  a  function  of 
the  difference  in  the  Pauling  electronegativity  between  the  respective  cation  and 
the  anion.  The  7.8  ±  0.5  eV  energy  of  the  229Th  isomer  transition  is  indicated.  The 
family  of  fluorides  is  most  likely  to  offer  crystalline  hosts  with  a  band  gap  energy 
greater  than  the  isomer  transition  energy. 


chlorides,  and  metal  fluorides.  The  large  electronegativity  of  the 
fluoride  ion  causes  the  band  gap  energies  of  metal  fluorides  to  be 
well  above  8  eV,  while  the  band  gap  energy  for  oxides  and 
chlorides  is  typically  <  8  eV.  Ciystal  hosts  that  are  transparent 
to  the  7.8  eV  light  of  the  229mTh-*229gTh  emission  are  therefore 
most  likely  to  be  found  in  the  extensive  family  of  fluoride  crystals. 

A  second  consideration  is  that  the  crystal  has  to  accept  Th4+ 
ions  into  a  single  well  defined  crystallographic  site  in  order  to 
minimize  inhomogeneous  broadening.  Candidate  crystal  systems 
include  Na2ThF6,  LiCaAlFg  (LiCAF),  LiSrAlFs  (LiSAF),  YLiF4  (YLF), 
and  CaF2.  LiCAF  is  emerging  as  the  leading  candidate  in  our  recent 
studies  [19).  All  spins  in  LiCAF  are  paired,  and  the  crystal  has  good 
transparency  for  wavelengths  down  to  llOnm.  Th4+  can  enter 
the  LiCAF  crystal  by  substituting  on  the  Li+,  Ca2+,  or  Al3+  site 
with  a  range  of  possible  charge  compensation  arrangements. 
Jackson  et  al.  have  calculated  the  solution  energies  of  24  different 
charge  compensated  Th4*  sites  and  found  that  the  energetically 
most  favored  arrangement  involves  placing  Th4  *  on  the  Ca2+  site 
with  accompanying  F  interstitial  vacancy  compensation  (20). 
The  LiCAF  and  LiSAF  structures  are  isomorphous  and  belong  to  the 
trigonal  space  group  P3lc.  All  metal  ions  have  an  octahedral 
coordination  with  six  fluoride  ions,  which  in  the  case  of  the  Ca2+ 
is  trigonally  elongated  along  the  c  axis  to  give  the  Ca2+  site  a  D3d 
symmetry  [21].  The  near  octahedral  coordination  of  Th4+  on  the 
Ca2+  site  tends  to  minimize  undesired  electric  field  gradient 
effects  on  the  229mTh«-f229gTh  linewidth.  We  have  achieved  a 
232Th  (natural  thorium  isotope)  doping  of  0.1%  in  LiCAF  and  have 
measured  a  <30  kHz  background  fluorescence  rate  from  the 
ciystal  under  excitation  in  the  6  9eV  range  at  the  Advanced 
Light  Source  (ALS)  at  Lawrence  Berkeley  National  Laboratory  1 19], 
The  background  fluorescence  rate  in  LiCAF  is  sufficiently  low  and 
is  expected  to  enable  a  future  observation  of  the  229mTh-*229gTh 
emission  with  a  signal  to  noise  ratio  of  30:1  during  an  8  h  shift  at 
the  ALS. 

A  third  consideration  is  the  ability  to  grow  a  229Th  doped 
crystal  with  high  quality  and  purity.  Transition  metal  ions  such 
as  V,  Cr,  Mn,  Fe.  Co,  and  Ni  as  well  as  oxygen  based  impurities 
such  as  oxides,  hydroxides,  and  oxyfluorides  have  spectrally 
broad  absorptions  in  the  VUV  and  can  lead  to  absorption 
coefficients  of  up  to  0.1  cm  1  at  ppm  impurity  levels  [22). 


These  impurities  could  interfere  with  the  VUV  excitation  and 
emission  and  have  to  be  minimized  during  crystal  growth. 
LiCAF  can  be  grown  by  both  the  Bridgman  and  Czochralski 
methods  [23,24],  the  latter  being  the  more  common  approach. 
The  Bridgman  method  contains  the  melt  inside  a  crucible  which  is 
slowly  lowered  through  a  temperature  gradient  to  induce  crystal 
growth  from  the  hnttnm  up.  Thp  Czochralski  mpthod  contains  thp 
melt  in  a  stationary  crucible  from  which  a  crystal  is  grown 
by  slowly  pulling  up  an  initial  seed  crystal  under  rotation.  The 
Bridgman  method  appears  to  be  more  favorable  in  view  of  the 
extreme  rarity  of  the  229Th  isotope  because  it  makes  optimal  use 
of  the  available  melt. 

Na2ThF6  is  another  crystal  host  that  is  currently  under  con 
sideration.  It  belongs  to  the  extensive  family  of  hexafluoro 
metallates,  A2MF6,  which  typically  contain  MFi  octahedral  units. 
In  some  Hf4*  and  Zr4*  [25,26],  but  more  commonly  with  Th4* 
and  U4+  [27  29],  the  metal  ion  acquires  a  9  fold  coordination  in  a 
trigonal  tri  capped  prism  geometry,  such  as  in  the  case  of 
Na2ThF6.  The  usual  p  Na2ThF6  phase,  which  is  twinned  in  space 
group  P32 1  (Z=  1 )  [30  ],  has  a  si  ngle  site  for  Th4  *  and,  in  contrast 
to  LiCAF,  LiSAF,  YLF,  and  CaF2,  does  not  require  charge  compensa 
tion  when  doping  229T1i4+.  This  would  allow  even  higher  ion 
densities  because  229Th  could  be  doped  stoichiometrically  into  a 
crystal  of  the  natural  isotope,  Na2232ThF6.  Crystals  can  be  grown 
in  several  cm3  size  by  the  Czochralski  method  [31].  We  observed 
background  fluorescence  rates  of  up  to  300  kHz  for  a  Na2232ThF6 
crystal  under  VUV  excitation  at  the  ALS,  a  rate  that  may  still  be 
sufficiently  low  for  detecting  229mTh-*229gTh  emission  in  a  future 
229Th  doped  crystal  [19].  The  Na22  32ThF6  crystal  also  showed 
some  VUV  induced  radiation  damage,  which  may  have  been  in 
part  due  to  residual  impurities. 


3.3.  Isomer  luminescence  spectroscopy 

The  present  uncertainty  in  the  isomer  energy  corresponds 
to  finding  a  ~  10 kHz  wide  spectral  line  in  a  ~2xlO,4Hz 
frequency  range.  The  direct  search  of  the  isomer  transition, 
therefore,  has  to  proceed  in  several  steps  of  increasing  spectral 
resolution.  Once  a  229Th  doped  crystal  is  available,  the  first 
experiment  will  be  luminescence  excitation  spectroscopy  of 
the  229gTh  ->229mTh  absorption  using  the  VUV  beam  available  at 
the  ALS.  It  has  a  spectral  linewidth  of  0.175  eV  and  delivers  a  flux 
of  1016  photons/s  in  a  170  x  50  pm2  cross  sectional  area.  The  ALS 
center  frequency  will  be  scanned  across  the  7.8  ±  0.5  eV  range  in 
steps  of  0.05  eV.  At  each  ALS  frequency,  the  sample  will  be 
illuminated  for  200  s  followed  by  the  collection  of  the  total  VUV 
luminescence  for  100  s.  The  long  229mTh  lifetime  may  lead  to 
accumulation  of  population  in  the  isomer  state  during  the 
experiment  and  distort  the  pure  Lorentzian  lineshape  of  the 
transition.  The  magnitude  of  this  saturation  effect  depends  on 
the  exact  value  of  the  229mTh  lifetime  and  the  ALS  scan  rate,  and  it 
will  have  to  be  established  by  experimentation. 

We  estimate  a  fluorescence  rate  of  ~1  MHz  when  the  ALS 
beam  is  in  resonance  with  the  229gTh ->  229mTh  absorption.  Com 
pared  to  the  measured  <  30  kHz  background  luminescence  of 
LiCAF,  this  will  enable  measurement  of  the  229gTh->229mTh 
luminescence  excitation  spectrum  with  a  signal  to  noise  ratio  of 
at  least  30:1.  This  measurement  would  narrow  the  current  energy 
uncertainty  by  ~6  fold  and  identify  the  isomer  transition 
wavelength  within  ~3.5  nm.  A  subsequent  experiment  will 
use  the  ALS  beam  to  excite  the  sample  on  resonance  and  measure 
the  229mTh  ->  229gTh  luminescence  spectrum  with  a  VUV  spectro 
meter.  We  expect  to  narrow  the  isomer  transition  wavelength  to 
within  0.1  nm,  a  precision  that  is  sufficiently  high  for  subsequent 
laser  based  experiments  to  begin. 
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3.4.  233U  doping  an  alternative  approach 

The  difficulty  in  acquiring  useful  quantities  of  229Th  led  us 
to  explore  a  parallel  approach  to  directly  observing  the 
229mTh->229gTh  luminescence.  The  a  decay  of  233U  produces 
excited  229Th  nuclei  that  subsequently  relax  by  emission  of  gamma 
rays.  While  this  gamma  decay  sequence  ultimately  leaves  the 
nucleus  in  the  229gTh  ground  state,  a  portion  of  the  gamma  decay 
sequence  branches  into  the  229mTh  isomer  state.  Therefore,  a 
233U  doped  crystal  should  provide  a  continuous  source  of  excited 
229mTh  nuclei  and  thereby  produce  a  continuous  rate  of 
229mTh->229gTh  luminescence.  A  1  cm3  crystal  doped  with  1019 
233U  nuclei  will  produce  an  initial  233U->229Th  decay  rate  of 
~2  x  106  s  \  of  which  ~2%  will  populate  the  229mTh  isomer  state 
[32].  Assuming  an  optical  capture  efficiency  of  0.5%  this  would 
yield  a  measured  229mTh->229gTh  luminescence  rate  of  ~102  s  \ 

This  approach  has  two  main  advantages.  First,  it  does  not 
require  any  229Th  starting  material  for  the  initial  growth  of  the 
crystal.  Second,  because  excited  229mTh  nuclei  are  being  produced 
by  the  intrinsic  gamma  decay  sequence,  no  external  VUV  excita 
tion  source  is  required.  This  would  allow  luminescence  measure 
ment  times  to  be  significantly  extended  beyond  the  8  h  shifts 
typical  for  a  facility  like  the  ALS,  allowing  more  accurate  mea 
surement  of  the  229gTh  <->  229mTh  transition  energy  with  a  VUV 
spectrometer.  This  potential  advantage  may  be  offset  by  the 
estimated  x  104  times  lower  luminescence  rate  (~102s  3) 
compared  to  using  the  ALS  beam  on  resonance  in  a  229Th  doped 
crystal  (106  s  \  see  Section  3.3). 

There  are  however  a  number  of  disadvantages  with  this  approach. 
First,  uranium  can  occur  in  different  oxidation  states  such  as  U3+, 
U4+,  and  U6+  when  doped  into  a  solid.  U3+  and  U4+  have  partially 
filled  5f  shells  and  exhibit  strong  absorption  in  the  visible  and  UV 
spectral  regions  due  to  allowed  and  5f2->5f6d  transitions, 

respectively  [33].  These  transitions  may  cause  excessive  reabsorption 
of  the  VUV  photon  emitted  by  the  229mTh-»229gTh  isomer  transition 
and  reduce  the  observable  luminescence  rate.  The  closed  shell  U6+ 
would  not  suffer  from  this  issue,  and  crystalline  233UF6  may  be  a 
candidate  for  such  an  experiment.  Second,  the  233U->229Th  decay 
produces  an  a  particle  with  an  energy  of  5.168  MeV.  This  has  two 
consequences.  The  a  particle  will  cause  excitation  as  it  dissipates  its 
kinetic  energy,  resulting  in  scintillation  light  that  may  lead  to  an 
excessive  background  signal  [12].  The  scintillation  however  will  be 
spectrally  broad  and  can  be  distinguished  from  the  isomer  transition 
in  a  VUV  fluorescence  spectrum.  The  other,  potentially  more  proble 
matic  effect  is  that  the  229Th  nucleus  recoils  upon  a  decay  and  will 
be  physically  displaced  within  the  crystal.  The  recoil  energy  of  the 
229Th  nucleus  is  90.3  keV  and,  from  Monte  Carlo  simulations,  we 
expect  the  229Th  nucleus  to  travel  ~34  nm  through  LiCAF.  This  will 
likely  produce  different  final  sites  for  the  229mTh  nuclei,  each  site 
having  an  individual  shift  and  broadening  of  the  229mTh->229gTh 
isomer  transition.  As  a  result,  229Th  recoil  is  expected  to  cause 
inhomogeneous  broadening  of  the  isomer  transition  and  thereby 
limit  the  level  of  precision  to  which  the  transition  energy  can  be 
determined  in  a  233U  doped  crystal.  Third,  the  233U  approach  is  not 
amenable  to  luminescence  excitation  spectroscopy  or  locking  a 
femtosecond  laser  comb  to  the  229gTh->229mTh  absorption  because 
essentially  no  thorium  atoms  are  available  in  the  233U  doped  crystal. 
Therefore,  any  future  studies  geared  toward  using  the 
229gTh<-*229mTh  transition  in  a  “nuclear  clock”  application  will  still 
require  a  229Th  doped  crystal. 


4.  Conclusions 

The  229gTh  <->  229mTh  isomer  transition  is  highly  decoupled 
from  the  local  environment  around  229Th,  and  its  linewidth  is 


expected  to  broaden  to  only  ~10  kHz  even  when  229Th  is  doped 
into  a  solid.  The  respective  Q  factor  significantly  exceeds  that  of 
any  electronic  transition  and  is  poised  to  enable  a  new  class  of 
nuclear  clocks  with  unprecedented  precision.  A  229Th  doped 
crystal  offers  ion  densities  of  ~1019229Th  nuclei/cm3  and  can 
produce  sufficiently  high  229mTh->229gTh  luminescence  rates 
under  excitation  with  a  VUV  source  such  as  the  ALS.  Our 
preliminary  studies  find  LiCAF  to  be  an  attractive  crystalline  host 
for  229Th.  It  has  a  high  band  gap  energy,  can  incorporate  229Th 
into  a  well  defined  charge  compensated  site  with  near  octahedral 
symmetry,  and  shows  relatively  low  intrinsic  background  fluor 
escence  under  VUV  illumination.  We  estimate  that  the  isomer 
transition  can  be  identified  to  within  3.5  nm  from  a  first  lumines 
cence  excitation  spectrum  and  to  0.1  nm  from  a  subsequent  VUV 
luminescence  spectrum  using  a  229Th  doped  LiCAF  crystal  on  the 
ALS.  The  substantial  challenges  in  acquiring  a  useful  quantity  of 
229Th  are  currently  the  single  greatest  obstacle  for  advancing  any 
studies  and  applications  of  the  229Th  isomer.  We  also  showed  that 
233U  doped  materials  should  produce  an  intrinsic,  continuous, 
and  sufficiently  high  rate  of  229mTh-»229gTh  luminescence  and 
could  be  a  useful  aid  in  the  initial  direct  search  of  the  isomer 
transition. 
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